Activation of the pseudokinase mixed lineage kinase domain-like (MLKL) upon its phosphorylation by the protein kinase RIPK3 triggers necroptosis, a form of programmed cell death in which rupture of cellular membranes yields release of intracellular components. We report that MLKL also associated with endosomes and controlled the transport of endocytosed proteins, thereby enhancing degradation of receptors and ligands, modulating their induced signaling and facilitating the generation of extracellular vesicles. This role was exerted on two quantitative grades: a constitutive one independent of RIPK3, and an enhanced one, triggered by RIPK3, where the association of MLKL with the endosomes was enhanced, and it was found to bind endosomal sorting complexes required for transport (ESCRT) proteins and the flotillins and to be excluded, together with them, from cells within vesicles. We suggest that release of phosphorylated MLKL within extracellular vesicles serves as a mechanism for self-restricting the necroptotic activity of this protein.
In Brief
When phosphorylated by RIPK3, MLKL triggers necroptotic death. Yoon et al. show that MLKL also contributes to endosomal trafficking and generation of extracellular vesicles. This function is independent of RIPK3 but can be enhanced by it, yielding phospho-MLKL release within the vesicles, thereby apparently withholding death mediation by MLKL.
INTRODUCTION
Research on the mechanisms of cell-death induction by members of the tumor necrosis factor (TNF) cytokine family has revealed a signaling pathway that triggers programmed necrotic cell death (Han-Min and Vandenabeele, 2014) . Unlike the extrinsic apoptotic cell-death pathway that is also activated by these cytokines, and where the initiation of signaling and the execution of death are mediated by members of the caspase family of cysteine proteases (Budihardjo et al., 1999) , death via the ''necroptotic'' pathway is induced by activation of the protein kinase RIPK3 (Cho et al., 2009; He et al., 2009; Zhang et al., 2009 ) and the pursuant RIPK3-mediated phosphorylation of the pseudokinase mixed lineage kinase domain-like (MLKL) (Sun et al., 2012; Zhao et al., 2012) . Some necroptosis-inducing agents employ the protein kinase RIPK1 to activate RIPK3 (Degterev et al., 2008; Holler et al., 2000) . Caspase-8, the proximal enzyme in the extrinsic apoptotic pathway, strongly inhibits the induction of necroptosis (Holler et al., 2000; Oberst et al., 2011; Vercammen et al., 1998) .
In vivo exploration of the functions of individual proteins participating in the necroptotic signaling pathway suggests that activation of this pathway triggers inflammation. Blocking of the kinase function of RIPK1, either by deletion of the kinase gene or pharmaceutically, is found to ameliorate a variety of inflammatory pathologies (Christofferson et al., 2014) . Conversely, deficiency of caspase-8 or of FADD (the adaptor protein to which caspase-8 binds) is found to trigger inflammation (e.g., Bonnet et al., 2011; Wallach et al., 2014) , which can be withheld by concomitant deletion of the Ripk1, Ripk3, or Mlkl genes (Newton et al., 2016; Wallach et al., 2011) .
In the present study, we show that MLKL also serves to facilitate endosomal function and generation of extracellular vesicles (EVs) and that it does so independently of RIPK1 or RIPK3. Its phosphorylation by RIPK3 further enhances EV generation, independently of death induction, and prompts incorporation of the phosphorylated MLKL molecules into the EVs.
We and others have previously shown that, in dendritic cells, triggering of MLKL phosphorylation by RIPK3 prompts assembly of the NLRP3 inflammasome and release of interleukin (IL)-1b and IL-18, without any sign of death (Conos et al., 2017; Kang et al., 2013) . Here we present evidence suggesting that the release of RIPK3-phosporylated MLKL within EVs antagonizes the necroptotic function of this protein; it withholds death and, in the case of dendritic cells, contributes to its complete arrest.
RESULTS

MLKL Affects Endosomal Transport Independently of RIPK3
To gain further knowledge of the function of MLKL, we sought to analyze comprehensively the impact of its deficiency on the cellular response to TNF. Besides their resistance to the necroptotic effect of this cytokine, MLKL-depleted cells also showed a marked reduction in the rate of intracellular degradation of TNF after its binding to the TNF receptor. The slight decrease in TNF receptor 1 (TNFR1) observed in some cells after its binding of TNF (e.g., in HepG2 cells; see Figure 1A ) was also withheld by MLKL depletion. This slowdown occurred not only in RIPK3-expressing cells, such as HT-29, but also in HeLa and HepG2 cells, which are deficient in RIPK3 ( Figure S1 ), as well as in fibroblasts derived from Ripk3 À/À mice. This finding implied that the slowdown reflects an MLKL function that is independent of MLKL phosphorylation by RIPK3 and of necroptosis (Figures 1A and 1B) . The slowdown of TNF degradation in MLKL-depleted cells was associated with pronounced alterations in TNF-induced signaling, as well as with increased basal concentrations of phospho-IkB ( Figure 1B ). NanoString and real-time PCR analyses of TNF-induced gene activation revealed that MLKL deficiency resulted in dramatically enhanced induction of some of these genes, but not of others. It also resulted in increased basal expression of some inflammatory genes ( Figures 1C and 1D ).
To determine whether the mechanism accounting for the observed slowdown also affects other ligands, we examined the impact of MLKL deficiency on the cellular response to epidermal growth factor (EGF), a ligand of the tyrosine kinase receptor EGFR. Like TNF, EGF is taken up and degraded, along with its receptor, in lysosomes (Gur et al., 2006) . As in the case of TNF, we found that RNA silencing of MLKL resulted in marked slowdown of the intracellular degradation of EGF and EGFR (Figure 1E) . Likewise, the degradation of EGF and EGFR in vivo, observed in the livers of mice injected with EGF, was slower in Mlkl À/À mice than in the wild-type ( Figure 1F ). As with TNF, the slowed degradation of EGF and its receptor resulted in boosting of several EGF-induced signaling activities as well as enhanced gene induction by EGF. It also resulted in some increase in the basal intensity of these signaling activities and of cellular amounts of EGFR ( Figures 1E-1G ).
The slowdown of intracellular degradation of TNF by MLKL depletion and the resulting modulation of gene induction was also detectable in cells cultured in the absence of EGF ( Figures  1A and S2A) . Conversely, slowdown of intracellular degradation of EGFR could also be observed in cells with deletion of Tnf (Figure S2B ). It thus appeared that the effects of MLKL depletion on these two ligands and their receptors reflects a mechanism that exerts a general effect on receptor uptake and degradation.
Immunocytochemical analysis of the intracellular fate of the EGFR in EGF-treated cells showed that it was taken up into the cells at about the same rate in both MLKL-expressing and MLKL-depleted cells. However, subsequent translocation of the receptor from the early to the late endosomes, and its ensuing degradation, were delayed (Figures 2A-2C) . Treatment of the EGF-stimulated cells with lysosomal inhibitors arrested the EGF-induced decrease in EGFR to the same extent in MLKL-expressing and MLKL-depleted cells ( Figures 2D and 2E) .
The observed effects of MLKL depletion on the rates of intracellular degradation of TNF, EGF, and their receptors pointed to the possibility of a constitutive role for MLKL in maintaining the endosomal trafficking of proteins. The enhancement of both basal and induced signaling by TNFR and EGFR seen in MLKL-depleted cells is consistent with prior reports attributing such enhancement to interference with endosomal trafficking (Babst et al., 2000; Mami nska et al., 2016; Vieira et al., 1996) .
MLKL Expression Is Required for Effective Generation of Intraluminal and Extracellular Vesicles
A critical step in the endosomal transport of cell-surface receptors to the lysosome is the budding of membrane vesicles containing these receptors into the endosome lumen. These so-called intraluminal vesicles (ILVs) accumulate within multivesicular bodies (MVBs), which then fuse with or mature into lysosomes (Katzmann et al., 2002) . Our electron microscopic analysis revealed a pronounced decrease in protein content and diminished count of ILVs in the MVBs of MLKL-depleted cells, along with an increase in diameter of the MVB-limiting membrane ( Figures 3A-3C ). Whereas in MLKL-expressing cells EGFR molecules could be discerned within the MVB cavity, in MLKL-depleted cells these molecules were largely restricted to the region of the MVB-limiting membrane ( Figure S3A ).
MVBs fuse not only with lysosomes but also with the cell membrane. The ILVs released in this way correspond to the exosomes found in the extracellular milieu. Consistently with the observation that MLKL was required for effective generation of ILVs, we found that MLKL deficiency resulted in a marked reduction in the generation of EVs ( Figures 3D-3H ), whose shape, size, and sedimentation rate were characteristic of exosomes (Figures S3B and S3C; Colombo et al., 2014) and which contained proteins known to occur in exosomes ( Figure 3G ). That this reduction was due to deficient generation of ILVs and not their deficient release was indicated by the fact that it could not be reversed by treatment with ionomycin ( Figures 3D, 3F , and 3G), which is known to boost exosome release but not ILV generation (Colombo et al., 2014) .
Deficiency of RIPK1 or RIPK3 did not affect EV yield (Figure S4) , nor was RIPK3 expression required for the observed impact of MLKL RNA silencing on EV generation ( Figure 3H ). These findings further indicated that the role of MLKL in controlling endosomal trafficking is mediated independently of MLKL phosphorylation by RIPK3.
The Intracellular Trafficking and Necroptotic Functions of MLKL Share Structural Requirements To explore the mechanistic interrelationships between the roles of MLKL in endosomal trafficking and in necroptosis, we compared the effects of MLKL mutations on endosomal function and on cell viability by inducibly expressing the various mutants in cells whose endogenous MLKL expression had been siRNA silenced. As mentioned above, we found that the contribution of MLKL to the cellular generation of EVs did not depend on its phosphorylation by RIPK3. Nevertheless, an MLKL mutant in which threonine (T357A) and serine (S358A), the two residues phosphorylated by RIPK3, were replaced by alanine failed to reconstitute EV generation in MLKL-depleted cells, suggesting that these two residues do in fact contribute to this constitutive function (Figures 4A and 4B) . Moreover, expression of MLKL molecules harboring phosphomimetic mutations of threonine 357 and serine 358 (T357E/S358D), besides triggering death ( Figure 4E ; Sun et al., 2012) , also enhanced EV generation . Even stronger enhancement was found when we used MLKL molecules harboring, within the ATP-binding pocket, mutations that impose the conformational change attained upon MLKL phosphorylation (K230M and Q356A) (Figures 4C-4E ; Murphy et al., 2013) . Expression of the latter mutant also enhanced intracellular degradation of EGF and EGFR ( Figures  4F and 4G ). The conformational change attained upon MLKL phosphorylation exposes an N-terminal region structured as a bundle of several a helices (referred to here as HB), allowing the region to bind negatively charged phospholipids in cellular membranes. Concomitant mutation of five basic residues at the HB (the ''5A'' mutation) that are believed to be required for that binding (Dondelinger et al., 2014; Hildebrand et al., 2014; Su et al., 2014; Wang et al., 2014) compromises death induction (Quarato et al., 2016) . We found that it also compromised the ability of MLKL to support EV generation ( Figures 4A and 4B) . Fusion of N-terminal tags upstream of the HB also reportedly interferes with lipid binding and death induction by MLKL (Chen et al., 2014; Hildebrand et al., 2014; Yoon et al., 2016) . We found that, likewise, such fusion also compromised EV generation (data not shown).
We did, however, observe one difference between the structural requirement for the induction of EVs and for necroptotic death by MLKL. An MLKL deletion mutant corresponding to the HB (''1À180'') is known to be capable of binding negatively charged phospholipids. However, whereas its mere overexpression triggers cell death (Chen et al., 2014; Dondelinger et al., 2014; Hildebrand et al., 2014) , such overexpression did not yield enhanced generation of EVs. In fact, we found the 1À180 mutant to be even less effective than the wild-type protein in facilitating EV generation (Figures 4C-4E) .
Altogether, these findings imply that some but not all of the structural requirements for the facilitation of endosomal function by MLKL are identical to those required for its necroptotic function and that the conformational change attained by MLKL upon induction of necroptosis further facilitates its endosomal function.
Phosphorylation by RIPK3 Triggers Phosphorylated MLKL Extrusion from Cells in Extracellular Vesicles
Having found that the conformational change attained by MLKL as a consequence of its phosphorylation by RIPK3 enhances its endosomal function, we next examined whether such enhancement is indeed yielded by activation of RIPK3. Such activation was achieved by treatment of RIPK3-expressing cells (HT-29 cells and mouse embryonic fibroblasts [MEFs] ) with a combination of TNF, the SMAC mimetic agent BV6, and the caspase inhibitor z-VAD-fmk (TBZ) ( Figures 5A-5E ), or-when caspase-8-deficient MEFs were used ( Figure 5F )-by their treatment with only TNF plus BV6. Such treatments did not affect either the size distribution or the shape of the EVs, but they did result in an increase in their number (Figures 5B, S3B, and S3C). The increase occurred shortly after the stimulation was initiated, at which time only a few dead cells could be observed (Figures 5C and 5D) .
These results confirmed that, besides the constitutive contribution of MLKL to endosomal trafficking and EV generation, which does not depend on RIPK3, MLKL can also contribute to these functions at an enhanced grade that does depend on its phosphorylation by RIPK3. Activation of RIPK3 in vivo by injection of mice with TNF plus z-VAD-fmk triggered in wild-type mice, but not in Mlkl À/À mice, necroptotic death of cells, as reflected in increased serum concentrations of lactic dehydrogenase (LDH) ( Figure 5G ; Duprez et al., 2011) . This treatment also resulted in increased EV numbers in the serum ( Figure 5H ).
Immunocytochemical staining of cells with antibodies to MLKL and to endosome markers revealed that MLKL associates Immunoelectron microscopic analysis with antibodies to MLKL revealed that the protein was taken up into the MVBs (Figure S5B) , from which the exosomes are released. Consistently, both in cell culture and in vivo, we found that preparations of EVs generated after stimulation of the necroptotic pathway contained phosphorylated MLKL (ph-MLKL) ( Figures 5A, 5C , and 5I). Sucrose gradient fractionation confirmed that this ph-MLKL was indeed associated with EVs and not with some protein aggregates that chanced to co-sediment with them ( Figure S6A) .
Incubation of EVs with trypsin did not lead to degradation of their associated ph-MLKL, suggesting that the ph-MLKL occurs within the vesicles ( Figure S6B ).
RIPK3 Activation Triggers MLKL Association with ESCRT Proteins and with Flotillins and then Their
Release from the Cell To investigate the mechanism(s) underlying the enhanced generation of EVs and their release of ph-MLKL after RIPK3 activation, we first used mass spectrometry to identify the MLKL-associated proteins within EVs released from TBZ-treated HT-29 cells. This analysis, which was further confirmed by immunoblotting, revealed that the MLKL found within the EVs of TBZ-treated cells was associated with some (but not with other) components of the endosomal sorting complexes required for transport (ESCRT) system, a series of protein complexes that serve sequentially to dictate transport of proteins in the endosomes and their incorporation into ILVs (Williams and Urbé , 2007) . Two other proteins found to associate with MLKL in the vesicles were flotillin 1 and 2 ( Figure 5M and Table S1 ), membrane-associated proteins suggested to contribute to targeting of specific cargo proteins to exosomes (Meister and Tikkanen, 2014) . The total amounts of some of the MLKL-associated ESCRT proteins and, even more so, of the flotillins, in the EVs generated by TBZ-treated cells were higher than in EVs of untreated cells ( Figure 5M ).
Using cells expressing MLKL fused to an affinity-purification tag, we then examined the identity of the proteins that associate with MLKL within cells. Both the ESCRT proteins shown here to associate with MLKL within EVs and the flotillins were found to already associate with MLKL within the cells soon after TBZ application ( Figure 5N ). These findings suggest that the enhanced endosomal function of MLKL after its phosphorylation by RIPK3, as well as the induced extrusion of ph-MLKL within the EVs, occurs as a result of an induced association of MLKL with the ESCRT proteins.
Release of ph-MLKL in Extracellular Vesicles Seems to Withhold Necroptotic Cell Death
We have previously shown that in mouse bone marrow-derived dendritic cells (BMDCs) that are sensitized by caspase-8 deficiency to activation of RIPK3 by lipopolysaccharide (LPS) or TNF, such activation does not result in necroptotic death but rather in activation of the NLRP3 inflammasome, with consequent release of IL-1b and IL-18 (Kang et al., 2013) . Figures 6A  and 6B show that BMDCs, like the other cells examined in this study, responded to RIPK3 activation by enhanced generation of EVs and the release of ph-MLKL within them. Consistently, LPS injection of mice in which Casp8 was deleted only in the BMDCs resulted both in increased plasma concentrations of EVs and in the presence of ph-MLKL in those circulating EVs, but without any increase in serum LDH concentrations ( Figures  6C-6E ). The relative amounts of ph-MLKL in EVs released from the LPS-treated BMDCs were higher than in EVs released by HT-29 cells, which do die upon RIPK3 activation. In HT-29 cells, ph-MLKL could be discerned both within the cells and in the EVs that they generated (Figures 5A, 5C, and 6B), whereas in the case of BMDCs, ph-MLKL was barely detectable in the BMDCs themselves but occurred profusely in the EVs ( Figure 6B ).
BMDCs also exhibited only slow and limited death when treated with LPS in the presence of the pan-caspase inhibitor z-VAD-fmk. In contrast, mouse BMDMs are effectively killed by such treatment ( Figure 6F ; He et al., 2011; Kang et al., 2013) . Whereas in BMDMs, combined treatment with LPS and z-VAD-fmk resulted in accumulation of phosphorylated MLKL both within the cells and in their EVs, in BMDCs that were exposed to this treatment, ph-MLKL could hardly be discerned in the cellular lysate, despite reaching high concentrations in the EVs ( Figure 6G ). These findings indicated that EV extrusion of ph-MLKL in BMDCs is more effective than in cells sensitive to the necroptotic effect of MLKL.
To examine the possibility of causal relationship between the effectiveness of ph-MLKL release in EVs and the resistance of cells to necroptotic death, we attempted to assess the impact of RNA silencing of Rab27a and Rab27b-small G proteins needed for exosomal release )-on the cellular response to RIPK3 activation. Unfortunately, our attempts at RNA silencing resulted in only partial decrease of (legend continued on next page) the cellular amounts of Rab27a and Rab27b ( Figure 6B ). However, even that relatively small decrease sufficed to yield a clear decrease in EV generation by both BMDCs and HT-29 cells (Figure S7 ). It also resulted in increased intracellular amounts of ph-MLKL in both of these cell types ( Figure 6B ). Moreover, Rab27a and Rab27b RNA silencing rendered the BMDCs somewhat sensitive to cell death induction by LPS ( Figure 6H ) and enhanced the death of HT29 cells in response to TBZ ( Figure 6I ). These findings are consistent with the notion that the release of ph-MLKL in EVs serves to downregulate the cellular content of ph-MLKL, thereby withholding initiation of necrotic cell death.
Extracellular Vesicles Released by BMDCs upon Activation of the Necroptotic Pathway Contain IL-1b
Activation of the NLRP3 inflammasome in BMDCs by triggering RIPK3-induced phosphorylation of MLKL yields MLKL-dependent proteolytic processing of the cytoplasmic precursors of IL-1b and IL-18, followed by release of the processed proteins into the extracellular milieu ( Figure 7A ; Conos et al., 2017; Kang et al., 2013) . In other cells, this release occurs partly by rupture of the cell membrane in the course of necrotic death (Eder, 2009; Lopez-Castejon and Brough, 2011) . Since RIPK3 activation in the BMDCs does not lead to death, the release of IL-1b and IL-18 from these cells must occur in some other way. Generation of EVs reportedly constitutes one of the ways by which such release can occur without compromising cell viability (Eder, 2009; Lopez-Castejon and Brough, 2011) . Our immunoblot analysis of the vesicles released by BMDCs after RIPK3 activation showed that they indeed contained both the precursor and processed forms of IL-1b. They also contained both precursor and processed forms of caspase-1, the protease that activates IL-1b by cleaving it ( Figure 7B ). As with ph-MLKL, the processed form of caspase-1 was barely detectable in the BMDCs themselves despite their abundant presence in the EVs ( Figure 7B ). As expected from the fact that in this experimental setup the activation of the NLRP3 inflammasome depends on RIPK3-mediated phosphorylation of MLKL, EVs that were generated by non-stimulated BMDCs, or by LPS-stimulated BMDCs deficient in both caspase-8 and MLKL, did not contain the processed forms of either IL-1b or caspase-1. Those vesicles were also found not to contain the precursor form of IL-1b, implying that not only the proteolytic processing of this cytokine but also its incorporation into EVs depends on RIPK3 activation. In contrast, release of the caspase-1 precursor within the EVs was found to occur independently of BMDC stimulation ( Figure 7B ).
DISCUSSION
Studies of MLKL have until now been largely restricted to the role of this protein in necroptotic death. The present study shows that MLKL also serves a non-deadly function: it associates with the endosomes and provides assistance for endosomal transport and for the generation of ILVs and EVs. This function is manifested at two quantitative grades: a basal, RIPK3-independent contribution, which was revealed when we assessed the consequences of arrest of MLKL expression, and an enhanced grade, observed subsequently to phosphorylation of MLKL by activated RIPK3. Such phosphorylation or, alternatively, expression of MLKL mutants that attain the conformation that RIPK3-mediated phosphorylation imposes on MLKL, was found to enhance MLKL association with the endosomes and to enhance endosomal trafficking. It also resulted in enhanced release of EVs and in extrusion of cellular ph-MLKL in them. This enhancement of endosomal trafficking and of EV formation following RIPK3-mediated phosphorylation of MLKL was not a consequence of necroptotic death. In cells sensitive to the necroptotic function of MLKL, we found that the enhancement occurred before MLKL associated with the cell membrane and before cell death. We also found such enhancement in BMDCs, in which necroptotic death was not induced at all. In fact, comparison of the consequences of RIPK3 activation in cells that do die necroptotically to those in BMDCs suggested that the endosomal effect of ph-MLKL serves rather to antagonize its induction of death. Differing vulnerabilities of cells to the necroptotic effect of ph-MLKL seemed to relate inversely to the effectiveness with which ph-MLKL triggers in them its own extrusion from the cells within EVs. In BMDCs, but not in BMDMs or HT29 cells that are vulnerable to necroptosis, this extrusion was found to be effective enough to result in practical depletion of intracellular ph-MLKL. This might well account for the survival of BMDCs after RIPK3 activation in them. Restriction of signaling by exosomal release of the proteins that mediate it has also been described for some other signaling proteins (Chairoungdua et al., 2010; Verweij et al., 2011) .
Apart from containing ph-MLKL, EVs released from BMDCs in which RIPK3 was activated were also found to contain processed IL-1b. It thus seems possible that the effect of ph-MLKL on endosomal trafficking can serve to convert the signaling for necroptosis, a form of death believed to initiate inflammation by release of damage-associated molecular patterns through the ruptured membranes of the dying cells (Pasparakis and Vandenabeele, 2015) , to a non-deadly form of intercellular delivery of inflammatory mediators. Mechanisms that self-restrict death induction and instead divert the signaling to non-deadly consequences are known to affect, in addition, the function of some other death-inducing proteins. The death domain of the TNF receptor, for example, can initiate signaling both for death and for mechanisms of resistance to death .
Further evidence that the endosomal function of MLKL is independent of its necroptotic function emerges from our finding that, besides its mediation of enhanced endosomal transport and vesicle release following its phosphorylation by RIPK3, MLKL also serves a ''housekeeping'' role by maintaining a basal grade of these activities. This function, unlike its necroptotic function, is independent of RIPK3 activation, or indeed even of mere expression of RIPK3 in the cell. Its housekeeping role is manifested in decreased rates of endosomal transport and of lysosomal degradation of TNF, EGF, and EGFR in MLKLdepleted cells. It is also manifested in a dramatic reduction in the contents harbored by MVBs in these cells and reduced release of vesicles from them.
Our assessment of the impacts of MLKL mutations on its role in endosomal trafficking suggested that the structural requirements for this non-deadly function are in part identical to those for death induction and in part distinct from them. Although the contribution of MLKL to constitutive EV generation was found to be independent of RIPK3, we found that this contribution was compromised when we mutated the two RIPK3 target residues (T537 and S358) in MLKL. This finding suggested that mediation of this constitutive function does depend on these residues and perhaps also requests their modification. Such modification might be attributable to the function of a protein kinase distinct from RIPK3 (acting too transiently, or at concentrations too low, to be discerned by our use of anti-ph-MLKL antibodies for immunoblot analysis) or to another kind of enzyme that imposes another modification of these residues.
Further evidence for the similarity of the structural requirements for MLKL-mediated cell death and for MLKL-facilitated endosomal trafficking was provided by the observed enhancement of EV generation in cells that express full-length MLKL molecules with mutations that yield the protein's conformation attained upon its phosphorylation. It is also evidenced by the fact that both functions are obliterated by the ''5A'' mutation, which interferes with binding of the N terminus of MLKL to negatively charged lipids. These findings suggested that, similarly to the necroptotic function of MLKL, this protein's effect on endosomal function depends on its binding to certain lipids. Several lipid-binding domains, such as the FYVE and the PX (phox) domains, are known to contribute to the functions of proteins that participate in the regulation of endosomal dynamics (Bissig and Gruenberg, 2013) . It might well be that, likewise, the mere association of MLKL with certain lipids contributes to its effect on endosomal trafficking and on ILV generation.
However, we also noticed one marked difference between the structural requirements for the necroptotic function of MLKL and its function in maintaining EV generation. The necrotic activity of MLKL is fully mediated by its N-terminal 4HB domain, as shown by the fact that the MLKL deletion mutant ''1À180,'' which corresponds to this domain, is capable of triggering cell death in the absence of any stimulus (Chen et al., 2014; Dondelinger et al., 2014; Hildebrand et al., 2014) . If the mechanism for the facilitation of EV generation by MLKL were identical to the mechanism of its necroptotic function, expression of that deletion mutant would be expected to dictate generation of EVs and to do so more effectively than the wild-type MLKL. We repeatedly found, however, that cells expressing the 1À180 mutant generate much lower amounts of EVs than the amounts generated by cells expressing the wild-type protein. This finding raised the possibility that the endosomal function of MLKL, in addition to its dependence on the interaction of its N terminus with lipids, is also affected by some interaction(s) of its C-terminal region. These latter interactions perhaps account for the observed association of MLKL with ESCRT proteins and the flotillins.
The relationship of the EVs whose generation was found here to be affected by MLKL to EVs described in numerous other studies remains to be further clarified. Currently, it is customary to distinguish between two classes of such vesicles: (1) those derived from the ILV and termed exosomes and (2) shed plasma-membrane vesicles, dubbed microvesicles or ectosomes (Colombo et al., 2014) . The latter are larger than exosomes but have similar composition. The impact of MLKL deficiency on endosomal function and on ILV generation suggests that it affects the generation of exosomes. The association of MLKL with the endosomes and its occurrence inside the MVBs suggest that it is also extruded from cells within exosomes. The size distribution of the EVs generated by the cells used in this study-both those generated by nonstimulated cells and those generated by cells in which RIPK3 phosphorylation was enhanced-is indeed characteristic of exosomes. The impact of Rab27a and Rab27b RNA silencing on EV generation and on the effectiveness of necroptosis is also indicative of the identity of the EVs with exosomes. However, a recent study by Gong et al. (2017) , which was published while our paper was under evaluation, showed that MLKL activation also prompts shedding of vesicles derived from damaged plasma membranes. It was suggested that the shedding serves as a means of repair of the cellular damage caused by MLKL. Those shed membranes were shown to be ''broken,'' implying that they are permeable to macromolecules. In that respect, they seem to be distinct from the EVs that we found to harbor ph-MLKL, in which neither MLKL nor TSG101 was accessible to external trypsin. Taken together, our findings and those of Gong et al. (2017) suggest that the subcellular sites of EV generation upon activation of RIPK3 might be heterogeneous. They also suggest, however, that the mechanisms controlling the generation of these various vesicles are similar. The ESCRT proteins, which we found to associate with MLKL and are known to control endosomal trafficking and contribute to the translocation of cargo proteins into exosomes (Williams and Urbé , 2007) , are also required for the shedding of damaged plasma-membrane patches (Gong et al., 2017; Jimenez et al., 2014) .
Prompted by the increasing evidence that necroptotic death contributes to the pathology of a number of severe diseases (Pasparakis and Vandenabeele, 2015; Zhao et al., 2015) , attempts are now underway to develop drugs that block MLKL function. Our finding that MLKL, besides mediating necroptotic death, also contributes to endosomal trafficking raises the need to further delineate the differences between the structural requirements for mediation of these different MLKL functions. Based on such a distinction, it might be possible to develop drugs that will arrest the necroptotic effect of MLKL without compromising its contribution to endosomal function.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David Wallach (d.wallach@weizmann.ac.il) .
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Mice on a C57BL/6 background were used in this study. Mlkl À/À mice were obtained from Taconic. Ripk3 À/À mice were obtained from Dr. Vishva Dixit (Newton et al., 2004) and Ripk1 À/À mice were from Dr. Michelle Kelliher (Kelliher et al., 1998) . Casp8 À/À and Casp
fl/fl
were established in our laboratory (Kang et al., 2004; Varfolomeev et al., 1998) . Mice expressing Cre under control of the integrin alpha X gene (Itgax or Cd11c) promoter region were from Dr. Boris Reizis (Caton et al., 2007) . Tnf À/À mice (strain B6; 129S6-Tnftm1Gkl/J) were obtained from The Jackson Laboratory. All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of The Weizmann Institute of Science.
Cell Culture
Cells of the human HT-29 colorectal adenocarcinoma line were grown in McCoy's 5A medium. Cells of the HeLa cervical adenocarcinoma line and of the HepG2 hepatocellular carcinoma line, as well as mouse embryonic fibroblasts (MEFs) immortalized by expression of the SV40 large T antigen, were cultured in Dulbecco's modified Eagle's medium. Both media were supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. Mouse bone marrow-derived macrophages (BMDMs), as well as wild-type and caspase-8-deficient mouse bone marrow-derived dendritic cells (BMDCs), were produced as described previously (Kang et al., 2004; Kang et al., 2013) .
METHOD DETAILS Reagents
Bafilomycin A1 from Santa Cruz Biotechnology was applied to the cells at 100 nM. Chloroquine applied at 25 mM, 4-hydroxytamoxifen applied at 1 mM, ionomycin applied at 1 mM and Brij were from Sigma. Human EGF from Prospec, mouse EGF from ProSpec and human TNF from YBDY Biotech were biotinylated using an EZ-Link biotinylation kit (Thermo Fisher Scientific) and then applied to cells at 5 mg/ml or injected intravenously into mice (10 mg/mouse). Bovine serum albumin (BSA) tagged with gold particles (BSAÀgold, CMC Utrecht) was applied to cells at an optical density of 2. To trigger necroptosis, TNF (1000 units/ml) was applied together with the bivalent IAP (inhibitor of apoptosis protein) antagonist BV6 (Varfolomeev et al., 2007) and the caspase inhibitor z-VAD-fmk, both from WuXi App Tec, at concentrations of 1 mM and 20 mM, respectively. IL-1b ELISA kit and Streptavidin-HRP (21124) were from Thermo Fisher Scientific. Strep-Tactin beads were from IBA Life Sciences and Rhodamine-Phalloidin (R415) from Thermo Scientific.
Reagents for RNA Interference
To siRNA silence the expression of Rab27a and Rab27b in human HT-29 cells, we transfected these cells with RNAi duplex (Rab27a, 5 0 -UAUGUUUGUCCCAUUGGCAGCTT-3 0 ; Rab27b, 5 0 -UACUGUAGUGAUGAAUUUGGGTT-3 0 ) (Integrated DNA Technologies), using Lipofectamine 3000 Reagent (Thermo Fisher Scientific). To siRNA silence the expression of Rab27a and Rab27b in BMDCs, we transfected these cells with siRNA duplex (Rab27a, 5 0 -CCAGUUUAAGAGAAGUGUU; mouse Rab27b, 5 0 -CUGAGACAAUGU CAAACCA-3 0 , Integrated DNA Technologies) using Mouse Dendritic Cell Nucleofector Ò Kit (Lonza). To siRNA silence the expression of human MLKL we used 3 0 -UTR-targeting lentiviral shRNA (Sigma). Use of this shRNA, which binds to the 3 0 UTR of MLKL, allowed us to re-express the cDNAs of various structural mutants of MLKL in siRNA silenced cells by reconstituting the cells with cDNAs corresponding only to the coding region of the MLKL mutants. To siRNA silence mouse MLKL expression we used lentiviral shRNA (Sigma).
Antibodies
The following antibodies were applied for western blotting analysis: anti-caspase-1 (AG-20B-0042) from AdipoGen; anti-human MLKL (GTX107538) from GeneTex; anti-mouse MLKL (Sab1302339), anti b-actin (A5441), anti-ERK (M5670), anti-phospho-ERK Medium kit with serum and without growth factor Cell systems Cat# 4Z0-500-S Following centrifugation at 16,000 3 G for 10 min, the supernatant was cleared for 6 hr by the use of protein-G beads and was then further incubated with Strep-Tactin beads for 16 hr. The beads were rinsed 5 times in a washing buffer containing 0.5% NP-40, 20 mM Tris-HCl pH 7.4, 150 mM NaCl and 1 mM EDTA, and the bound proteins were eluted by incubation in washing buffer to which 1 mM of biotin was added. Samples (10 mg) of proteins from the cell extracts and of proteins immunoprecipitated from 6 mg aliquots of the extracts were analyzed by PAGE. For immunoblotting, protein samples were loaded on SDSÀPAGE gels, electrophoresed, and transferred onto nitrocellulose membranes (Bio-Rad). The membranes were treated for 1 hr at room temperature with PBS containing 5% skimmed milk and 0.05% Tween-20, or, in the case of immunoblotting with anti-mouse ph-MLKL antibody, with PBS containing 1% BSA and 0.05% Tween-20, and further incubated for 16 hr at 4 C either with the primary antibody in PBS containing 5% BSA or (for detection of biotinylated TNF or EGF) with horseradish peroxidase (HRP)-linked streptavidin (Strep-HRP) in PBS containing 0.025% Tween-20 (PBSÀTween). After three washes in PBSÀTween the membranes were incubated for 1 hr at room temperature with HRP-conjugated secondary antibody in PBSÀTween. After three more washes in PBSÀTween, blots were developed using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific). To quantify band intensity we used ImageJ software.
Mass Spectrometry-Based Proteomics Analysis Sample preparation Samples of the proteins immunoprecipitated with anti-MLKL antibody from RIPA extracts of EVs as above were subjected to insolution, on-bead, tryptic digestion. 8M urea in 0.1M Tris, pH 7.9 was added onto PBS washed beads and incubated for 15min in room temperature. Proteins were reduced by incubation with dithiothreitol (5 mM; Sigma) for 60 min at room temperature, and alkylated with 10 mM iodoacetamide (Sigma) in the dark for 30 min at room temperature. Urea was diluted to 2M with 50mM ammonium bicarbonate. 250ng trypsin (Promega; Madison, WI, USA) was added and incubated overnight at 37 C followed by addition of 100ng trypsin for 4hr at 37 C. Digestions were stopped by addition of trifluroacetic acid (1% final concentration). Following digestion, peptides were desalted using Oasis HLB mElution format (Waters, Milford, MA, USA), vacuum dried and stored in À80 C until further analysis. Liquid chromatography ULC/MS grade solvents were used for all chromatographic steps. Each sample was loaded using split-less nano-Ultra Performance Liquid Chromatography (10 kpsi nanoAcquity; Waters, Milford, MA, USA). The mobile phase was: A) H 2 O + 0.1% formic acid and B) acetonitrile + 0.1% formic acid. Desalting of the samples was performed online using a reversed-phase Symmetry C18 trapping column (180 mm internal diameter, 20 mm length, 5 mm particle size; Waters). The peptides were then separated using a T3 HSS nanocolumn (75 mm internal diameter, 250 mm length, 1.8 mm particle size; Waters) at 0.35 mL/min. Peptides were eluted from the column into the mass spectrometer using the following gradient: 4% to 35%B in 65 in, 35% to 90%B in 5 min, maintained at 90% for 5 min and then back to initial conditions.
Mass Spectrometry
The nanoUPLC was coupled online through a nanoESI emitter (10 mm tip; New Objective; Woburn, MA, USA) to a quadrupole orbitrap mass spectrometer (Q Exactive HF, Thermo Scientific) using a FlexIon nanospray apparatus (Proxeon).
Data was acquired in data dependent acquisition (DDA) mode, using a Top20 method. MS1 resolution was set to 120,000 (at 200 m/z), mass range of 300-1650 m/z, AGC of 3e6 and maximum injection time was set to 20msec. MS2 resolution was set to 30,000, quadrupole isolation 1.7 m/z, AGC of 1e6, dynamic exclusion of 60sec and maximum injection time of 60msec. Data processing and analysis Raw data was imported into the ExpressionistÒ software version 10.5 (Genedata) and processed as described (Shalit et al., 2015) . The software was used for retention time alignment and peak detection of precursor peptides. A master peak list was generated from all MS/MS events and sent for database searching using Mascot v2.5.1 (Matrix Sciences). Data was searched against the human sequences from UniprotKB (http://www.uniprot.org/) version 2016_02 appended with common laboratory contaminant proteins. Fixed modification was set to carbamidomethylation of cysteines and variable modifications were set to oxidation of methionines and deamidation of N or Q. Search results were then filtered using the PeptideProphet algorithm to achieve maximum false discovery rate of 1% at the protein level. Peptide identifications were imported back to Expressionist to annotate identified peaks. Quantification of proteins from the peptide data was performed using an in-house script.
Data was normalized base on the total ion current. Protein abundance was obtained by summing the three most intense, unique peptides per protein. A Student's t-Test, after logarithmic transformation, was used to identify significant differences across the biological replica. Fold changes were calculated based on the ratio of arithmetic means of the case versus control samples.
Fluorescence Microscopy
Immunostaining and its microscopic analysis were performed as described previously (Yoon et al., 2016) .
Transmission Electron Microscopy
HepG2 cells were incubated for 30 min at 37 C in cell-growth medium containing bovine serum albumin (BSA) tagged with gold (BSAÀgold) and 100 ng/ml EGF, and then fixed for 2 hr with Karnovsky's fixative (4% PFA, 2% glutaraldehyde, 5 mM CaCl 2 in 0.1 M cacodylate buffer, pH 7.4). The fixed cells were scraped, pelleted by centrifugation at 400 3 G, embedded in 1.7% Nobel agar, and postfixed with 1% osmium tetroxide, 0.5% potassium dichromate and 0.5% potassium hexacyanoferrate in 0.1 M cacodylate buffer. The pellet was stained and blocked with 2% aqueous uranyl acetate, then dehydrated with ethanol and embedded in graded Epon 812. Ultrathin sections (70À100 nm) were cut with Leica Ultracut UCT ultramicrotome and analyzed using an FEI T12 Spirit electron microscope. Images were obtained with an Eagle CCD camera and processed by ImageJ software.
Immunogold Electron Microscopy Cells were fixed for 2 hr at room temperature in freshly prepared 3% PFA, 0.1% glutaraldehyde in 0.1 M cacodylate buffer containing 5 mM CaCl 2 . Pelleted fixed cells were infiltrated for 30 min in 10% gelatin at 37 C. Excess gelatin was removed by centrifugation at 400 3 G at 37 C, and this was followed by incubation at 4 C for 24 hr. The fixed cell pellets were cryoprotected by overnight infiltration with 2.3 M sucrose in cacodylate buffer, then frozen by injection into liquid nitrogen. Ultrathin (75 nm) frozen sections were sliced at À110 C on a Leica EM FC6 ultramicrotome and transferred to Formvar-coated 200-mesh nickel grids. Sections were treated for 5 min with 3% NGS, 0.5% BSA, 0.1% glycine and 1% Tween 20 in PBS to block nonspecific binding, and this was followed by incubation for 2 hr with the primary antibodies. After extensive rinsing with 0.1% glycine in PBS (PBSÀglycine) the cells were further incubated for 30 min in colloidal gold-conjugated rabbit anti-mouse antibody. The grids were then washed in PBSÀglycine and stained with 2% methyl cellulose and 2% uranyl acetate.
Quantification of Cell Death
Cell death was quantified based on the concentration of lactic dehydrogenase (LDH) in the mouse cell media, plasma or serum, determined by use of the Cytotoxicity Detection Kit (Sigma-Aldrich).
Real-Time PCR Analysis mRNAs were extracted using the RNeasy kit (QIAGEN), with quantified with PerfeCta Ò FastMix II (Quanta Biosciences) on a
StepOnePlus TM real-time PCR system. The results are presented as described (Kovalenko et al., 2009 ).
Expression Analysis of NanoString Inflammatory Panel RNA Samples of RNA isolated from HT29 cells were hybridized to the NanoString nCounter Human Inflammation v2 code set. This code set contains probes against a panel of 249 genes encoding key inflammatory mediators. Scanning and data collection onto a digital analyzer were followed by data normalization against positive and negative control oligonucleotides and six housekeeping genes. Normalized results are represented as the relative mRNA amounts.
QUANTIFICATION AND STATISTICAL ANALYSIS
Except where otherwise indicated, all the presented data are representative results of at least two independent experiments. In all diagrams with error bars the values correspond to mean values and the bars show either the range of the results (in the case of duplicate samples) or standard variations (in the case of larger numbers of samples).
